Bell Beaker pottery spread across western and central Europe beginning around 2750 99 BCE before disappearing between 2200-1800 BCE. The mechanism of its expansion is a 100 topic of long-standing debate, with support for both cultural diffusion and human 101 migration. We present new genome-wide ancient DNA data from 170 Neolithic, Copper 102
from Germany and the Czech Republic 2-4 , consistent with their being a mixture of populations 135 from the Steppe and the preceding farmers of Europe. However, a deeper understanding of the 136 ancestry of people associated with the Beaker Complex requires genomic characterization of 137 individuals across the geographic range and temporal duration of this archaeological 138 phenomenon. 139
Ancient DNA data and authenticity 140
To understand the genetic structure of ancient people associated with the Beaker Complex and 141 their relationship to preceding, subsequent and contemporary peoples, we enriched ancient 142 DNA libraries for sequences overlapping 1,233,013 single nucleotide polymorphisms (SNPs) by 143 hybridization DNA capture 4, 19 , and generated new sequence data from 170 ancient Europeans 144 dating to ~4700-1200 BCE ( Supplementary Table 1 ; Supplementary Information, section 1) . 145
We also generated 62 new direct radiocarbon dates (Extended Data Table 1 ). We filtered out 146 libraries with low coverage (<10,000 SNPs) or evidence of contamination (Methods) to obtain a 147 final set of 166 individuals: 97 Beaker-associated individuals and 69 from other ancient 148 populations ( Fig. 1b ; Extended Data Table 2 ), including 61 individuals from Neolithic and 149 Bronze Age Britain. We combined our data with previously published ancient DNA data 2-4,20-37 150 to form a genome-wide dataset of 476 ancient individuals (Supplementary Table 1 ). The 151 combined dataset included Beaker-associated individuals from Iberia (n=20), southern France 152 (n=4), northern Italy (n=1), central Europe (n=56), The Netherlands (n=9) and Britain (n=19). 153
We further merged these data with 2,572 present-day individuals genotyped on the Affymetrix 154 Human Origins array 22, 31 and 300 high coverage genomes sequenced as part of the Simons 155 Genome Diversity Project 38 . 156
Y-chromosome analysis 157
We determined Y-chromosome haplogroups for the 54 male Beaker-associated individuals 158 (Supplementary Table 3 ). Individuals from the Iberian Peninsula carried Y haplogroups known 159 to be common across Europe during the earlier Neolithic period 2, 4, 20, 26, 32, 39 , such as I2a (n=3) and 160 G2 (n=1) ( Supplementary Table 3 ). In contrast, Beaker-associated individuals outside Iberia 161 (n=44) largely carried R1b lineages (84%), associated with the arrival of Steppe migrants in 162 central Europe during the Late Neolithic/Early Bronze Age 2, 3 . For individuals in whom we 163 could determine the R1b subtype (n=22), we found that all but one had the derived allele for the 164 R1b-S116/P312 polymorphism, which defines the dominant subtype in western Europe today 40 . 165 Finding this early predominance of the R1b-S116/P312 polymorphism in ancient individuals 166 from central and northwestern Europe suggests that people associated with the Beaker Complex 167 may have had an important role in the dissemination of this lineage throughout most of its 168 present-day distribution. 169 Neolithic populations ( Fig. 2b ), which could be explained by differential affinities to hunter-208 gatherer individuals from different regions 42 (Extended Data Fig. 2) . A new finding that 209 emerges from our analysis is that Neolithic individuals from southern France and Britain also 210 show a greater affinity to Iberian Early Neolithic farmers than to central European Early 211
Neolithic farmers ( Fig. 2b ), similar to previous results obtained in a Neolithic farmer genome 212 from Ireland 28 . By modelling Neolithic populations and WHG in an admixture graph 213 framework, we replicate these results and further show that they are not driven by different 214 proportions of hunter-gatherer admixture (Extended Data Fig. 3 ; Supplementary Middle Bronze Age males in Britain, respectively ( Fig. 3b ; Supplementary Table 3) . 272
Our genetic time transect in Britain also allowed us to track the frequencies of alleles with 273 known phenotypic effects. Derived alleles at rs12913832 (SLC45A2) and rs16891982 274 (HERC2/OCA2), which contribute to reduced skin and eye pigmentation in Europeans, 275 dramatically increased in frequency during the Beaker and Bronze Age periods (Extended Data 276 Europe, showing that the major increase in its frequency in Britain, as in mainland Europe, 280 occurred in the last 3,500 years 3, 4, 39, 44 . 281
Discussion 282
The term "Bell Beaker" was introduced by late 19 th -century and early 20 th -century 283 archaeologists to refer to the distinctive pottery style found across western and central Europe at 284 the end of the Neolithic, initially hypothesized to have been spread by a genetically 285 homogeneous group of people. This idea of a "Beaker Folk" became unpopular after the 1960s 286 as scepticism about the role of migration in mediating change in archaeological cultures grew 45 , 287 although J.G.D. Clark speculated that the Beaker Complex expansion into Britain was an 288 exception 46 , a prediction that has now been borne out by ancient genomic data. 289
Our results clearly prove that the expansion of the Beaker Complex cannot be described by a 290 simple one-to-one mapping of an archaeologically defined material culture to a genetically 291 homogeneous population. This stands in contrast to other archaeological complexes analysed to 292 date, notably the Linearbandkeramik first farmers of central Europe 2 , the Yamnaya of the 293 Pontic-Caspian Steppe 2,3 , and to some extent the Corded Ware Complex of central and eastern 294 Europe 2,3 . Instead, or results support a model in which both cultural transmission and human 295 migration played important roles, with the relative balance of these two processes depending on 296 the region. In Iberia, the majority of Beaker Complex-associated individuals lacked Steppe 297 affinities and were genetically most similar to preceding Iberian populations. In central Europe, 298
Steppe ancestry was widespread and we can exclude a substantial contribution from Iberian 299
Beaker Complex-associated individuals, contradicting initial suggestions of gene flow between 300 these groups based on analysis of mtDNA 47 and dental morphology 48 . Small-scale contacts 301 remain plausible, however, as we observe small proportions of Steppe ancestry in two 302 individuals from northern Spain. 303
Although cultural transmission seems to have been the main mechanism for the diffusion of the 304 We screened skeletal samples for DNA preservation in dedicated clean rooms. We extracted 339 DNA [54] [55] [56] and prepared barcoded next generation sequencing libraries, the majority of which 340 were treated with uracil-DNA glycosylase to greatly reduce the damage (except at the terminal 341 nucleotide) that is characteristic of ancient DNA 57, 58 (Supplementary Information, section 2) . 342
We initially enriched libraries for sequences overlapping the mitochondrial genome 59 and ~3000 343 nuclear SNPs using synthesized baits (CustomArray Inc.) that we PCR amplified. We 344 sequenced the enriched material on an Illumina NextSeq instrument with 2x76 cycles, and 2x7 345 cycles to read out the two indices 60 . We merged read pairs with the expected barcodes that 346 overlapped by at least 15 base pairs, mapped the merged sequences to hg19 and to the 347 reconstructed mitochondrial DNA consensus sequence 61 using the samse command in bwa 348 (v0.6.1) 62 , and removed duplicated sequences. We evaluated DNA authenticity by estimating 349 the rate of mismatching to the consensus mitochondrial sequence 63 , and also requiring that the 350 rate of damage at the terminal nucleotide was at least 3% for UDG-treated libraries 63 and 10% 351 for non-UDG-treated libraries 64 . 352
For libraries that were promising after screening, we enriched in two consecutive rounds for 353 sequences overlapping 1,233,013 SNPs ('1240k SNP capture') 2, 19 and sequenced 2x76 cycles 354 and 2x7cycles on an Illumina NextSeq500 instrument. We processed the data bioinformatically 355 as for the mitochondrial capture data, this time mapping only to the human reference genome 356 hg19 and merging the data from different libraries of the same individual. We further evaluated 357 authenticity by studying the ratio of X-to-Y chromosome reads and estimating X-chromosome 358 contamination in males based on the rate of heterozygosity 65 . Samples with evidence of 359 contamination were either filtered out or restricted to sequences with terminal cytosine 360 deamination to remove sequences that could have derived from modern contaminants. Finally, 361 we filtered out from our analysis dataset samples with fewer than 10,000 targeted SNPs covered 362 at least once and samples that were first-degree relatives of others in the dataset (keeping the 363 sample with the larger number of covered SNPs) ( Supplementary Table 1 ). 364
Mitochondrial haplogroup determination 365
We used the mitochondrial capture bam files to determine the mitochondrial haplogroup of each 366 sample with new data, restricting to reads with MAPQ≥30 and base quality ≥30. First, we 367 constructed a consensus sequence with samtools and bcftools 66 , using a majority rule and 368 requiring a minimum coverage of 2. We called haplogroups with HaploGrep2 67 based on 369 phylotree 68 (mtDNA tree Build 17 (18 Feb 2016) ). Mutational differences compared to the 370 rCRS and corresponding haplogroups can be viewed in Supplementary Table 2 . 371 372
Y-chromosome analysis 373
We determined Y-chromosome haplogroups for both new and published samples 374 ( Supplementary Information, section 3) . We made use of the sequences mapping to 1240k Y-375 chromosome targets, restricting to sequences with mapping quality ≥30 and bases with quality 376 ≥30. We called haplogroups by determining the most derived mutation for each sample, using 377 the nomenclature of the International Society of Genetic Genealogy (http://www.isogg.org) 378 version 11.110 (21 April 2016) . Haplogroups and their supporting derived mutations can be 379 viewed in Supplementary Table 3 . 380 381
Merging newly generated data with published data 382
We assembled two datasets for population genetics analyses: Table 1 ). 389
We kept 591,642 autosomal SNPs after intersecting autosomal SNPs in the 1240k capture with 390 the analysis set of 594,924 SNPs from Lazaridis et al. 22 . For both datasets, ancient individuals were merged by randomly sampling one read at each SNP 398 position, discarding the first and the last two nucleotides of each read. 399
Principal component analysis 400
We carried out principal component analysis (PCA) on the HO dataset using the smartpca 401 program in EIGENSOFT 70 . We computed principal components on 990 present-day West 402
Eurasians and projected ancient individuals using lsqproject: YES and shrinkmode: YES. 403
ADMIXTURE analysis 404
We performed model-based clustering analysis using ADMIXTURE 41 on the HO reference 405 dataset, including 2,572 present-day individuals from worldwide populations and the ancient 406 individuals. First, we carried out LD-pruning on the dataset using PLINK 71 with the flag --407 indep-pairwise 200 25 0.4, keeping 306,393 SNPs. We ran ADMIXTURE with the cross 408 validation (--cv) flag specifying from K=2 to K=20 clusters, with 20 replicates for each value of 409 K and keeping for each value of K the replicate with highest log likelihood. In Extended Data 410 Fig. 1b we show the cluster assignments at K=8 of newly reported individuals and other 411 relevant ancient samples for comparison. This value of K was the lowest for which components 412 of Caucasus hunter-gatherers (CHG) and European hunter-gatherers were maximized. 413
f-statistics 414
We computed f-statistics on the HOIll dataset using ADMIXTOOLS 69 with default parameters 415 ( Supplementary Information, section 4) . We used qpDstat with f4mode:Yes for f 4 -statistics and 416 qp3Pop for outgroup f3-statistics. We computed standard errors using a weighted block 417 jackknife 72 over 5 Mb blocks. 418
Inference of mixture proportions 419
We estimated ancestry proportions on the HOIll dataset using qpAdm 2 and a basic set of 9 420
Outgroups: Mota, Ust_Ishim, MA1, Villabruna, Mbuti, Papuan, Onge, Han, Karitiana. For 421 some analyses ( Supplementary Information, section 6 ) we added additional outgroups to this 422 basic set. 423
Allele frequency estimation from read counts 424
We used allele counts at each SNP to perform maximum likelihood estimation of allele 425 frequencies in ancient populations as in ref. 4 . In Extended Data Fig. 5 , we show derived allele 426 frequency estimates at three SNPs of functional importance for different ancient populations. 427
Data availability 428
All 1240k and mitochondrial capture sequencing data is available from the European Nucleotide 429
Archive, accession number XXXXXXXX [to be made available on publication]. 430
Pseudo haploid genotype data is available from the Reich Lab website at [to be made available 431 on publication]. 432
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